On the basis of our previous studies and the important role of the thalamo-cortical network in states of unconsciousness, such as anaesthesia and sleep, and in sleep spindles generation, we investigated sleep spindles (SS) and high-voltage sleep spindle (HVS) dynamics during non-rapid eye movement (NREM) and rapid eye move- 
ketamine/diazepam anaesthesia prolonged post-anaesthesia REM sleep duration in control rats, the long-lasting prolongation of REM without atonia was demonstrated only after the ketamine/diazepam anaesthesia . This prolongation of REM without atonia, after the ketamine-diazepam anaesthesia, was first because of the increased number of REM episodes without atonia, and then a result of the increased number of prolonged REM episodes without atonia . On the other hand, in the rat model of PD cholinopathy, although both types of anaesthesia abolished the prolonged pre-anaesthesia REM sleep without atonia alongside the attenuated theta amplitude during REM sleep, only pentobarbital abolished the increased NREM/REM/ NREM transitions . Moreover, in the rat model of PD cholinopathy, in contrast to the ketamine/diazepam anaesthesia that decreased wake/NREM/wake transitions, pentobarbital anaesthesia decreased wake/REM/wake transitions . In addition, both anaesthetics persistently attenuated post-anaesthesia theta amplitude during NREM, but also augmented post-anaesthesia theta amplitude during REM, in the rat model of PD cholinopathy, indicating the key role of the neurochemical bases of NREM and REM sleep in the cholinergic control of electroencephalographic theta amplitude (Lazic, Petrovic, Ciric, Kalauzi, & Saponjic, 2015) .
Sleep spindles (SS) are oscillations that last 0.5-3 s, with an intrinsic frequency of between 9 and 16 Hz, which reoccur with a rhythmicity of tens of seconds (Piantoni, Halgren, & Cash, 2016) .
Sleep spindles operate as the basic thalamo-cortical rhythms, besides the slow rhythm (0.05-1 Hz), the delta rhythm (1-4 Hz) and the alpha and mu rhythms (8-12 Hz) (Piantoni et al., 2016) . Sleep spindles are the hallmark oscillations of light NREM sleep onset in both humans and animals (Piantoni et al., 2016) . They are generated within a well-known circuitry in which the thalamo-cortical connections play a central role: the excitatory thalamo-cortical (TC) neurons, entrained by the inhibitory thalamic reticular (RT) neurons, drive the cortical neurons (Destexhe, Contreras, & Steriade, 1998; Steriade & Timofeev, 2003) . Therefore, the properties of sleep spindles in both the time and frequency domains are highly dependent on the thalamic generators and thalamo-cortical pathways, as well as on corticothalamic feedback (Contreras, Destexhe, Sjenowski, & Steriade, 1996) .
Besides the topographically dependent difference between sleep spindle properties (Kim, Hwang, Lee, Sung, & Choi, 2015; Piantoni et al., 2016; Terrier & Gottesmann, 1978) , there are two different types of sleep spindles: high-voltage sleep spindles (HVS), which have a lower frequency (7-8 Hz) and a higher amplitude, and lower voltage SS, which have a higher frequency (10-20 Hz) and a lower amplitude, and which occur primarily alongside a K-complex (Johnson, Euston, Tatsuno, & McNaughton, 2010) . Previous studies have shown that HVS occur during the immobile but awake state only in some strains of rats, whereas SS are present in all rats, most frequently during light NREM sleep (Buzsaki, Smith, Berger, Fisher, & Gage, 1990) .
We should mention here that the rhythmic oscillations of the neuronal populations are state dependent, generated by different mechanisms, present at several levels of the central nervous system, may serve important physiological functions (such as hippocampal theta activity, occipital alpha waves or sleep spindles) and may underlie the basis of neurological diseases such as epileptic convulsions and rhythmic movement disorders (Buzsaki et al., 1990) . There is evidence that pathologically synchronized oscillatory activity in the cortico-basal ganglia loop is associated with the motor deficit in PD, such as pathological beta oscillation synchronization (14-30 Hz) and HVS (5-13 Hz) (Buzsaki & Silva, 2012; Dejean et al., 2012; Oswal, Brown, & Litvak, 2013; Quiroga-Varela, Walters, Brazhnik, Marin, & Obeso, 2013) . Apart from PD, sleep spindles have been implicated in synaptic plasticity, sleep-dependent memory consolidation (Fogel & Smith, 2011) , dreaming processes (Nielsen et al., 2017) , comas, epilepsy, strokes and several forms of mental illness (Sullivan, Mizuseki, Sorgi, & Buzsaki, 2014) . In addition, sleep spindles represent a neural correlate of the loss of consciousness, prevent stimuli reaching consciousness or prevent the integration of brain activity, and have an important role in sleep-dependent memory improvement (Urakami, Ioannides, & Kostopoulos, 2012) . Moreover, altered SS patterns and their dynamics have been documented as the biomarkers of REM sleep behavioural disorder in humans (Christensen et al., 2014) and rats (Ciric, Lazic, Petrovic, Kalauzi, & Saponjic, 2016 , and REM sleep "enriched" by prolonged and slower SS in the motor cortex has been shown to be an early biomarker for the onset of different ageing process in the rat model of PD cholinopathy .
In addition, HVS are associated with memory impairment and the progression of brain dysfunction in rats (Radek, Curzon, & Decker, 1994; Sales-Carbonell et al., 2013) , and distinctly altered HVS dynamics in the motor cortex versus the hippocampus during REM sleep preceded decreased locomotor activity in the rat model of PD cholinopathy (Ciric et al., 2018) .
Although the HVS function is still a matter of debate (being analogue to human mu rhythm or a model for absence-like seizure activity), they are thalamo-cortical oscillations that share many similarities with the well-studied SS (Sales-Carbonell et al., 2013) .
On the basis of all the above-mentioned studies, we decided to investigate the SS and HVS dynamics during both NREM and REM sleep following differing general anaesthesia at stable surgical levels, induced by two anaesthetics with distinct main mechanisms of action (an N-methyl-D-aspartate (NMDA) antagonist versus a gamma-aminobutyric acid a (GABAa) agonist) in both physiological controls and in the rat model of PD cholinopathy (with severely impaired thalamo-cortical cholinergic innervation; the bilateral PPT lesion), so as to try to provide new insights into the mechanism of their generation.
| MATERIALS AND METHODS
We performed the experiments on 32 adult male Wistar rats, attached to instruments for sleep recording, and randomly assigned them to two experimental groups: the physiological controls (n = 17) and the bilateral PPT-lesioned rats (n = 15). In both experimental groups, we followed the impact of either ketamine/diazepam or pentobarbital anaesthesia at a stable surgical level on two types of sleep spindles (SS and HVS) during post-anaesthesia NREM and REM sleep.
Prior to surgery and throughout the experimental protocol, the animals were maintained on a 12-hr light-dark cycle, and were housed at 25°C with free access to food and water. All the experi- 
| Surgical procedure
The surgical procedures employed for the implantation of electroencephalographic (EEG) and electromyographic (EMG) electrodes for chronic sleep recording and the bilateral pedunculopontine tegmental nucleus (PPT) lesion have been described previously (Lazic et al., 2015 and are outlined below.
Under ketamine/diazepam anaesthesia (Zoletil 50, VIRBAC, France, 50 mg/kg, i.p.) we implanted two epidural stainless steel screw electrodes to assess the EEG cortical activity from the motor cortex (anterior/posterior A/P, +1.0 mm from the bregma; right/left R/L, 2.0 mm from the sagittal suture; dorsal/ventral D/V, 1.0 mm from the skull surface) (Paxinos & Watson, 2005) . In addition, the bilateral EMG stainless steel Teflon-coated wire electrodes (Medwire, NY, USA) were implanted into the dorsal nuchal musculature to assess skeletal muscle activity, and a stainless-steel screw electrode in the nasal bone was used as a ground.
During the surgical procedure for the implantation of the EEG and EMG electrodes, we performed bilateral PPT lesions by the stereotaxically guided microinfusion of 100 nl of 0.1 M ibotenic acid (IBO)/ 0.1 M phosphate-buffered saline bilaterally into the PPT (A/P, −7.8 mm from the bregma; R/L, 1.9 mm from the sagittal suture; D/V, 7.0 mm from the brain surface) (Paxinos & Watson, 2005) , in a single 60-s pulse, using a Digital Lab Standard Stereotaxic Instrument with a
Hamilton syringe (1 µl). The IBO (Sigma; pH = 7.4) concentration was chosen on the basis of previous studies (Inglis & Semba, 1997) .
| Sleep recording and data analysis
Following 2 weeks of postoperative recovery, we recorded spontaneous sleep over 6 hr in all the rats. After a further 24 hr, we induced ketamine/diazepam (100 mg/kg, i.p.) or pentobarbital (60 mg/ kg, i.p.) general anaesthesia at a stable surgical level. After establishing stable anaesthesia at the surgical level for at least 20 min, which was polygraphically and behaviourally followed, all the rats were spontaneously awakened, and we repeated the 6-hr sleep recording sessions 48 hr after each anaesthesia induction (Lazic et al., 2015 . All the sleep recording sessions were carried out during the normal inactive circadian phase for rats (from 09:00 to 15:00 hours).
After conventional amplification and filtering ( The analysis of the recorded signals was conducted using software developed in MATLAB 6.5 and upgraded to MATLAB R2011a . We applied Fourier analysis to those signals acquired throughout the 6-hr period (2160 10-s Fourier epochs), and each 10-s epoch was differentiated, on the basis of EEG and EMG, as a wake, an NREM or an REM sleep state. The differentiation of all the wake/NREM/REM sleep epochs was improved by using the logarithmic values of the quantities on both the EEG and EMG axes, and was finally achieved using the two cluster K means algorithm (Ciric et al., , 2018 Ciric, Lazic, Petrovic, Kalauzi, & Saponjic, 2016; Lazic et al., 2015 Lazic et al., , 2017 .
For the analysis of the sleep spindles, we used 1 hr of NREM or REM sleep for each rat, extracted always between the third and fourth hour of sleep recording.
We have to note here that, although we used 17 control rats in this study, we selected 12 controls with technically excellent baseline recordings (Ctrl before) and therefore excellent wake/NREM/ REM differentiations, for more accurate state-related SS and HVS extractions for each rat, and for the analysis of their state-related dynamics. Because we had only six controls for each group with their own baseline recordings, together with their recordings after each anaesthesia, we additionally included three rats for the ketamine/diazepam group (Ctrl K 48 h) and two for the pentobarbital group (Ctrl P 48 h), without their own baseline sleep recordings, to increase the SS and HVS ensembles after both types of anaesthesia.
Therefore, there were in total nine rats after ketamine/diazapam and eight rats after pentobarbital anaesthesia.
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For the PPT-lesioned rats we used 15 rats, and we selected 11 rats with technically excellent baseline recordings and excellent wake/NREM/REM differentiations. So, we used five lesioned rats for ketamine/diazepam (PPT K 48 h) and six lesioned rats for pentobarbital (PPT P 48 h) anaesthesia with their own baseline recordings.
However, we additionally included two lesioned rats per each group, with no baseline recordings, after each anaesthesia, to increase the SS and HVS ensembles for the analysis of their dynamics after anaesthesia.
In order to identify the SS or the HVS, we combined automatic All the statistical analysis was conducted using the Mann-Whitney U-test.
| Tissue processing and histochemistry for the PPT lesion verification
We identified the PPT lesion by Nicotinamide adenine dinucleotide phosphate NADPH diaphorase histochemistry (Paxinos, Watson, Carrive, Kirkcaldie, & Ashwell, 2009 ) and quantified the cholinergic cell loss throughout the overall PPT rostro-caudal dimension by using Image J 1.46 software .
| RESULTS

| Sleep spindle dynamics during NREM and REM sleep 48 hr after the distinct anaesthesia regimens in the physiological controls
In this study we demonstrate that in contrast to SS, which are present in 100% of cases, there were no HVS during NREM sleep in the control rats (Table 1, Figure 1a ). In addition, whereas ketamine/ diazepam anaesthesia, at 48 hr post-anaesthesia, induced the emergence of HVS in 67% of the control rats (Table 1) , and prolonged the SS during NREM sleep (z = −3.40, p = 0.001; Table 1, Figure 1b , Figure 3a ), pentobarbital anaesthesia, at 48 hr post-anaesthesia, only decreased the SS intrinsic frequency (z = −2.91, p = 0.004; Figure 3c ).
Moreover, we show here that before general anaesthesia SS were present during REM sleep in about 50% of the control rats, and that more than 50% had HVS (Table 1, Figure 2a ). At 48 hr following ketamine/diazepam anaesthesia in the control rats, the HVS during REM sleep were prolonged (z = −2.06, p = 0.04; Table 1 , Figure 2b, Figure 3b ) and had increased intrinsic frequency (z = −2.15, p = 0.03; Figure 3d ). On the other hand, 48 hr after pentobarbital anaesthesia the HVS density was decreased in the control rats (z = −2.17, p = 0.03; Table 1 ).
Our results show that when SS are present during REM sleep in the control rats, they are also longer than those found during NREM sleep (z = −4.25, p = 10
; 
| Sleep spindle dynamics during NREM and REM sleep 48 hr after the distinct anaesthesia regimens in the PD cholinopathy
In this study, for the analysis of the impact of different types of anaesthesia on the SS and HVS sleep spindle dynamics, we used the rats with equal PPT cholinergic neuronal loss that was ≥20% throughout the overall PPT rostro-caudal dimension, with a maximal loss of ≥30% from 7.50-8.00 mm caudally to bregma (data not presented; see Lazic et al., 2017) . Moreover, at 48 hr following both anaesthesia regimens, SS were unchanged in the PPT-lesioned rats (z ≥ −1.83, p ≥ 0.07; Table 1 ). In 55% of the PPT-lesioned rats, SS were present during REM sleep, but at 48 hr after pentobarbital anaesthesia, they were present in only 38% (Table 1) . Ketamine/diazepam anaesthesia suppressed HVS emergence during REM sleep in the PPT-lesioned rats (there was a decrease from 89% to 43%; Table 1 ), whereas the pentobarbital anaesthesia had an inverse effect (there was an increase from 50% to 75%; Table 1 ). We also demonstrate here that SS are longer during REM versus NREM sleep in the PPT-lesioned rats, and moreover HVS were generally always longer than SS (z ≥ −3.87, p ≤ 0.02; Table 1 ).
| DISCUSSION
We have demonstrated that, whereas SS were present in 100% of cases during NREM and in 50% during REM sleep, HVS were present in 50% of cases, and only during REM sleep in the control rats ( Figure 2b , Figure 3b ). In addition, ketamine/diazepam anaesthesia increased HVS intrinsic frequency during REM sleep (Table 1, Figure 3d ) and increased the densities of SS and HVS during the post-anaesthesia REM versus NREM sleep in the control rats (Table 1) .
Conversely, pentobarbital anaesthesia did not change SS duration, but did decrease their intrinsic frequency during NREM, as well as decreasing HVS density during REM sleep in the control rats (Table 1 , Figure 3c ).
In this study, we evidenced that although SS, as the classical NREM oscillations, mainly occurred during NREM, they also occurred during REM sleep in 50% of control rats. Moreover, we demonstrated that HVS are typical for REM sleep in control rats. However, we extracted only 1 hr of NREM and REM sleep per each rat, in the middle of their 6 hr of sleep recordings, and we still do not know how it would be during the overall 6 hr. Bold numbers indicate the statistically significant mean values at p ≤ 0.05. There are no mean values in gray rows, because the sleep spindle (SS) and high-voltage sleep spindle (HVS) were present in less than 50% of rats and they were not compared. MCx, motor cortex; n: number of rats; non-rapid eye movement, NREM; rapid eye movement, REM; PPT, pedunculopontine tegmental nucleus; nSS, number of SS extracted from 1 hr of NREM or REM sleep; nHVS, number of HVS extracted from 1 hr of NREM or REM sleep; SSdur/h, duration of SS/ h (min); SSdur, mean duration of SS/h ± SE (s); SSf, mean SS intrinsic frequency/h ± SE (Hz); HVSdur/h, duration of HVS/h (min); HVSdur, mean duration of HVS/h ± SE (s); HVSf, mean HVS intrinsic frequency/h ± SE (Hz); Ctrl, control rats; PPT, PPT-lesioned rats; K, ketamine/diazepam anaesthesia; P, pentobarbital anaesthesia. All control means 48 hr after both types of anaesthesia (Ctrl K 48 hr and Ctrl P 48 hr) and after the PPT lesion (PPT before) were compared with the control means before any anaesthesia (Ctrl before), whereas the means, 48 hr after both types of anaesthesia in the PPT-lesioned rats (PPT K 48 hr and PPT P 48 hr) were compared with the control means 48 hr after anaesthesia (Ctrl K 48 hr and Ctrl P 48 hr). (Ciric et al., 2018) . In addition, a recent study has suggested that pentobarbital anaesthesia is highly beneficial for post-anaesthesia REM sleep in the physiological condition as well as during PD cholinergic neuropathology in rats (PPT before) . For the analysis of the SS dynamics we used 201 SS extracted from the NREM sleep of control rats and 172 SS of the PPT-lesioned rats before any anaesthesia, whereas for the HVS dynamics we used 24 HVS extracted from the REM sleep of control rats and 51 HVS extracted from the REM sleep of the PPTlesioned rats (Table 1) . REM: rapid eye movement; NREM: non-rapid eye movement; PPT: pedunculopontine tegmental nucleus acetylcholine release in the hippocampus and the frontal cortex, with no effect in the striatum, pentobarbital decreases acetylcholine release in all brain structures (Sato et al., 1996) . Ketamine is a unique anaesthetic that interacts with the NMDA, opioid, monoaminergic and muscarinergic receptors and voltage sensitive Ca ++ channels, but does not interact with GABAa receptors (Kubota et al., 1999) .
On the other hand, the non-NMDA mechanism of ketamine action works through an increase in noradrenaline and acetylcholine, whereas pentobarbital does not have such effects (Kubota et al., 1999; Sato et al., 1996) . Conversely, pentobarbital involves the activation of GABAa receptors within the endogenous sleep pathway, particularly those within the hypothalamus that underlie NREM sleep (Nelson et al., 2002) .
It is well known that spindle oscillations are basically determined by the interplay of GABAergic RT neurons and excitatory TC neurons, their intrinsic properties, and the influence of cortical descending and brainstem ascending inputs. The duration of IPSPs imposed by the RT neurons on the TC neurons determines the intra-spindle frequency (Urakami et al., 2012) . Because the PPT cholinergic afferents inhibit RT GABAergic neurons, the bilateral PPT lesion rearranges the thalamo-cortical regulatory network to a considerable degree, as a result of the tonically and sustainably decreased inhibition of RT neurons and the excitation of TC neurons across all sleep/ wake states, most particularly during REM sleep.
Our study shows for the first time that the distinct impact of dif- 
